Chronic chagasic cardiomyopathy (CCC) is observed in 30% to 50% of the individuals infected by Trypanosoma cruzi and heart failure is the important cause of death among patients in the chronic phase of Chagas disease. Although some studies have elucidated the role of adaptive immune responses involving T and B lymphocytes in cardiac pathogenesis, the role of innate immunity receptors such as Toll-like receptors (TLRs) and Nod-like receptors (NLRs) in CCC pathophysiology has not yet been determined. In this study, we evaluated the association among innate immune receptors (TLR1-9 and nucleotide-binding domain-like receptor protein 3/NLRP3), its adapter molecules (Myd88, TRIF, ASC and caspase-1) and cytokines (IL-1β, IL-6, IL-12, IL-18, IL-23, TNF-α, and IFN-β) with clinical manifestation, digestive and cardiac function in patients with different clinical forms of chronic Chagas disease. The TLR8 mRNA expression levels were enhanced in the peripheral blood mononuclear cells (PBMC) from digestive and cardiodigestive patients compared to indeterminate and cardiac patients. Furthermore, mRNA expression of IFN-β (cytokine produced after TLR8 activation) was higher in digestive and cardiodigestive patients when compared to indeterminate. Moreover, there was a positive correlation between TLR8 and IFN-β mRNA expression with sigmoid and rectum size. Cardiac and cardiodigestive patients presented higher TLR2, IL-12 and TNF-α mRNA expression than indeterminate and digestive patients. Moreover, cardiac patients also expressed higher levels of NLRP3, ASC and IL-1β mRNAs than indeterminate patients. In addition, we showed a negative correlation among TLR2, IL-1β, IL-12 and TNF-α levels with left ventricular ejection fraction, and positive correlation between NLRP3 with cardiothoracic index, and TLR2, IL-1β and IL-12 with left ventricular mass index. Together, our data suggest that high expression of innate immune PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd
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Introduction
Chagas disease is caused by the Trypanosoma cruzi (T. cruzi) parasite, and affects about 6 million to 7 million people in Latin America; moreover, 1.2 million people have chronic chagasic cardiomyopathy (CCC), which is the main cause of 12,000 deaths annually [1, 2] . In the chronic phase of Chagas disease approximately 30 to 50% of patients develop cardiac disease, 5 to 15% develop digestive disease and 2 to 10% develop cardiodigestive form [2] [3] [4] . Neuronal depopulation and changes in cardiac and myenteric plexus conduction systems are fundamental for the pathophysiology of CCC, megaesophagus and megacolon. Cardiac conduction system may be diffusely affected from the sinus node to the distal third of His bundle. Chagasic patients with CCC have right bundle branch block (present in 13 to 35% of patients) as an electrocardiographic alteration most frequently suggestive of Chagas' disease, often associated with anterosuperior left bundle branch block [5] . Ventricular extrasystole occurs (15% to 55% of patients) usually isolated, but when complex or associated with other electrocardiographic alterations are correlate with left ventricular systolic and diastolic function, and diastolic diameter [6] [7] [8] . The severity of ventricular arrhythmia is often correlated with the degree of left ventricular dysfunction, although some patients with CCC and ventricular tachycardia or ventricular atrial block have preserved global ventricular function [4, 6] . Sudden death is more frequent in males (mainly between 30 and 50 years of age). Other electrocardiographic changes observed in Chagas' disease are represented by low voltage of the QRS complex, notches and abnormal thickenings, low amplitude or absence of R wave in precordial derivations [9, 10] . Inflammatory process involves fibrosing and progressive chronic myocarditis is also the key substrate for impairment of the conduction system in Chagas disease [5] . Inflammatory cytokines (IL-12, IFN-γ and TNF-α), nitric oxide, autoantibodies, CD8 + T lymphocyte are possible correlated with neuronal depopulation [11] [12] [13] [14] [15] .
Cardiac disease has been correlated with immunological unbalance. Patients with CCC have high production of inflammatory cytokines such as IFN-γ, TNF-α, IL-1β and nitric oxide (NO) which are involved with myocarditis, fibrosis and myocardial hypertrophy. In contrast, asymptomatic patients produce high levels of IL-10 which support control of the inflammatory mechanism in the heart [16] [17] [18] [19] . The cardiac form of Chagas disease is related to an increase of T helper (Th) type 1 cells and a decrease of Th2, Th9, Th17, Th22 and regulatory T cell response [11, 16] . In fact, exacerbated inflammatory process in cardiac patients has been associated to enhancing the risk of stroke and death [11] . Autoantibodies and CD8 + T lymphocytes have also been related to CCC immunopathogenic mechanism [20] [21] [22] . TLRs and NLRs are families of pattern recognition receptors (PRRs) located in the plasma membrane, endosomes and cytosol, and are mainly expressed by professional antigen presenting cells (APC), endothelial cells and fibroblasts. PRRs are responsible for recognizing different chemical structures highly conserved in microorganisms known as Pathogen-Associated Molecular Patterns (PAMPs). Signaling through TLRs and NLRs induce the transcription of genes involved in inflammatory response, and its role in the experimental T. cruzi infection has been investigated. T. cruzi contains a variety of ligands such as glycosylphosphatidylinositol (GPI) anchors of mucin-like glycoproteins, glycoinositolphospholipid (GIPL) and nucleic acids which activate different PRRs [23] [24] [25] [26] . In fact, a deficiency of Myd88, TLR4, TLR7 and TLR9 lead mice to being more susceptible to T. cruzi infection [27] [28] [29] . However, TLR2 signaling and NF-κβ activation induce pro-IL-1β production, which triggers cardiomyocyte hypertrophy in T. cruzi infected rats [30] . Chagasic patients with a decrease in signal transduction upon ligation of TLR2 or TLR4 to their respective ligand may exhibit low NF-κβ activation and have a low risk of developing CCC [31] . NLRs were extensively characterized as PRRs for bacterial and viral infection [32] [33] [34] , and their role in recognizing intracellular parasites has been studied. Knockout mice for NOD1 are more susceptible to T. cruzi infection. Bone marrow-derived macrophages from NOD1 knockout mice show a reduction of products dependent on NF-kB activation and fail to control the infection in the presence of IFN-γ [35] . NLRP3 inflammasome signaling activates apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC) and caspase-1, thereby inducing the cleavage of pro-IL-1β and pro-IL-18 in their active forms [36] [37] [38] . ASC inflammasomes are critical determinants of host resistance to infection with T. cruzi. NLRP3 -/-, ASC -/-and caspase-1 -/-mice exhibit a higher mortality, cardiac parasitism, and myocarditis than wide type mice [39, 40] . However, T. cruzi NLRs agonists are not known. Although several studies have elucidated the role of TLRs and NLRs in experimental infection by T. cruzi, the role in human CCC pathophysiology has not yet been determined. The activation of TLRs and NLRs is important in directing adaptive responses, thus resulting in macrophage activation which are important cells involved in heart disease [31, 41] . In this study, we have described an increase in several innate components such as NLRP3, ASC, TLR2, IL-1β, IL-12 and TNF-α associated with the pathophysiology of CCC in humans. Moreover, the digestive form of chronic Chagas disease was correlated to high TLR8 and IFN-β mRNA expression. A better understanding of immunological mechanisms involved in CCC may lead to reduced morbidity and mortality associated with the cardiac form of the disease.
Methods

Study population and ethics statement
The population was composed of 65 individuals aged between 18 and 79 years old from an endemic area of Chagas disease in Rio Grande do Norte, Northeast, Brazil, as described previously [11] . The individuals were selected using two different serological methods ( 
Clinical evaluations
Individuals with confirmed positive serology to Chagas disease were clinically evaluated including electrocardiogram (ECG) mapping and chest X-ray, 2D-echocardiogram (ECHO) and 24h Holter examination. Chagasic patients (Table 1) were classified as indeterminate (n = 18), cardiac (n = 17), digestive (n = 15) and cardiodigestive (n = 15) clinical forms, according to the World Health Organization and Brazilian Consensus of Chagas 
Real time PCR
Innate immune receptors (TLR1, TLR2, TLR3, TLR4, TLR5, TLR6, TLR7, TLR8, TLR9 and NLRP3), signaling molecules (Myd88, TRIF, ASC, Caspase-1) and cytokine (IL-1β, IL-6, IL-12, IL-18 and TNF-α) mRNA expression were detected by Real-Time PCR (qPCR) in peripheral blood mononuclear cells (PBMC) obtained from chagasic patients. Total RNA was obtained using Trizol reagent (Invitrogen™, Carlsbad, CA, USA) and SV Total RNA Isolation System (Promega, Madison, WI, USA) with DNase treatment step. cDNA synthesis was performed with the High Capacity cDNA Reverse Transcription kit (Applied Biosystems, USA) using the Eppendorf Mastercycler gradient set (Eppendorf, USA). The qPCR reactions were performed using SYBR Green (Applied Biosystems, USA) supported by 7500 Fast Real time thermocycler (Applied Biosystems, Warrington, USA). The reactions were performed in 96 well plates (MicroAmp1, Applied Biosystems, USA) and the standard PCR conditions were as follows: 50˚C (2 min) and 95˚C (10 min) followed by 40 cycles of 94˚C (30 s), variable annealing primer temperature (Table 2) (30 s), and 72˚C (1 min). Specific primers (Table 2) were obtained by the Primer Express software (Applied Biosystems, USA). The mRNA expression levels of the innate immune receptors, adapter molecules and cytokines were determined using the mean Ct values from triplicate measurements to calculate the relative expression levels of the target genes in the Chagas disease patients compared to healthy controls, and were normalized to the housekeeping gene β-actin using the 2 -ΔΔCt formula.
Enzyme linked immunosorbent assay (ELISA)
Cytokine quantification was performed in sera from indeterminate (n = 18), cardiac (n = 17), cardiodigestive (n = 15) and digestive (n = 15) chagasic patients. Uninfected individuals were used as a control (n = 15). The ELISA sets were IL-1β, IL-12 (p70) and TNF-α (BD OptEIA TM , BD Bioscience), and procedures were performed according to the manufactures'instructions. Optical densities were measure at 450ηm.
Statistical analysis
Data are reported as mean ± standard deviation (SD). Kolmogorov-Smirnov test was used to verify parametric or non-parametric data distribution. The mRNA expression levels were compared using the Kruskal-Wallis test. Correlations among left ventricular ejection fraction, esophagus and colon dilation, innate immune receptors and cytokines were performed using the Spearman test. Differences were considered significant when p <0.05. Our analyses were performed using PRISM 5.0 software (GraphPad, CA, USA).
Results
Clinical evaluations
Chagasic patients (n = 65) were classified as indeterminate (n = 18), cardiac (n = 17), digestive (n = 15) and cardiodigestive (n = 15) clinical forms. Chest X-ray demonstrated cardiomegaly in approximately 10% of cardiac and cardiodigestive patients. Electrocardiographic changes were not always associated with cardiac symptoms. Three cardiac patients had right bundle branch block, two also had anterosuperior divisional block. Four cardiodigestive patients presented right bundle branch block, two also presented anterosuperior divisional block. All ventricular atrial blocks were first degree, except for one patient with ventricular atrial blockade who received pacemaker implantation. The echocardiogram showed similar diastolic diameters and left ventricular mass index in indeterminate, cardiac, digestive and cardiodigestive chagasic patients (Table 1) .
Chronic chagasic cardiomyopathy is correlated with high TLR2, IL-12 and TNF-α expression
In an attempt to elucidate the inflammatory mechanism involved in CCC development we analyzed the mRNA expression of innate immune receptors in chagasic individuals grouped according to clinical forms as indeterminate, cardiac, digestive and cardiodigestive (Table 1) .
Patients with different clinical manifestations of Chagas disease showed similar expression of TLR1, TLR3, TLR4, TLR5, TLR6, TLR7 and TLR9 mRNA (Fig 1) . Interestingly, cardiac and cardiodigestive patients presented higher TLR2 mRNA expression than indeterminate and digestive patients (Fig 1B) . Furthermore, cardiodigestive patients presented higher Myd88 mRNA expression than indeterminate and cardiac patients (Fig 2A) . Cardiac patients showed higher mRNA expression of IL-12 and TNF-α transcripts (cytokines produced upon TLR activation) than indeterminate patients (Fig 2B and 2C) . We observed similar expression of TRIF, IL-6, IL-23 and IFN-α in chagasic patients with different clinical manifestations of Chagas disease (Fig 2D-2G) . Moreover, there was higher production of inflammatory cytokines (TNF-α and IL-12) induced by the TLRs activation in sera in cardiac patients than in indeterminate and uninfected controls (Fig 3A and 3B) . However, no significant difference was observed between the levels of IL-1β between the different groups of patients (Fig 3C) . Together, these data indicate that TLR2 expression in cardiac patients may induce an enhancement of IL-12 and TNF-α expression and correlate to cardiac dysfunction.
Digestive and cardiodigestive clinical forms are correlated with high TLR8 and IFN-β mRNA expression
The mRNA expression of TLR8 was enhanced in digestive and cardiodigestive patients compared to indeterminate and cardiac patients. Furthermore, the mRNA expression of IFN-β (cytokine produced after TLR8 activation) was higher in digestive and cardiodigestive patients when compared with indeterminate ( Fig 2H) . In attempt to evaluate the TLR8 and IFN-β participation in the development of the digestive form of Chagas disease, we analyzed the correlation between the mRNA expression of TLR8 and IFN-β with the rectum and sigmoid size, resulting in a positive correlation observed between TLR80020and IFN-β and rectum and sigmoid size (Fig 4A-4D ).
Enhanced expression of NLRP3, ASC and IL-1β transcripts correlates with the chronic chagasic cardiomyopathy in patients
We subsequently analyzed the expression of NLRP3 inflammossome, its signaling molecules (ASC and caspase-1) and cytokines produced after its activation (such as IL-1β and IL-18). Cardiac patients showed relevantly higher mRNA expression of NLRP3, ASC and IL-1β than indeterminate patients (Fig 5A-5C ). Similar levels of caspase-1 and IL-18 mRNA expression were observed in patients with different clinical forms of chronic Chagas disease (Fig 5D and  5E ). We then posteriorly analyzed the correlation between the mRNA expression of TLR2, NLRP3, IL-1β, IL-12 and TNF-α with the left ventricular ejection fraction (LVEF) and cardiothoracic index (CI). We found a negative correlation among NLRP3, TLR2, IL-12 and IL-1β mRNA expression with LVEF (Fig 6A-6D) , and positive correlation between NLRP3 with CI ( Fig 7A) . No correlation was observed between TLR2, IL-1β and IL-12 with CI ( Fig  7B-7D) , and between NLRP3 with left ventricular mass index (LVMI) (Fig 8A) . We also observed a positive correlation between LVMI with TLR2, IL-1β and IL-12 (Fig 8B-8D ).
Discussion
Pathophysiological mechanisms involved in the development of chronic chagasic cardiomyopathy (CCC) have been studied in chagasic patients and several immunopathogenic mechanisms We initially analyzed the mRNA expression of TLRs in PBMCs obtained from the same chagasic patients described in previous study [11] . Patients who showed digestive and cardiodigestive clinical forms presented higher TLR8 mRNA expression when compared to cardiac and indeterminate patients. Human TLR8 recognizes single-stranded RNAs from RNA viruses, as well as detecting RNAs from bacteria in endosomes of dendritic cells [57] . Patients with the digestive clinical form are mainly characterized by the presence of a megaesophagus and megacolon which are caused by the destruction of intramural autonomic ganglia [58] . Gastrointestinal dysfunction can change the feed flow and is associated with bowel inflammatory lesions which distort epithelium gastrointestinal homeostasis, which in turn could allow bacteria penetration and TLR8 activation. This phenomenon could be associated with the development of digestive pathology in chronic chagasic patients. In fact, patients with ulcerative colitis have higher TLR8 mRNA in colon biopsies than healthy subjects, probably due to bacterial RNA of gut microbiota resulting from microbiota dysbiosis [59, 60] . Intestinal inflammation intensity in the ulcerative colitis is positively correlated with TLR8 and inflammatory cytokines such as IL-6 and TNF-α [60] . Susceptibility to Crohn's disease (another intestinal inflammatory disease) has also been associated to high TLR8 levels [61, 62] . TLR8 activation induces pro-inflammatory cytokine production such as IL-1β, IFN-α, IFN-β, TNF-α, IL-6, and IL-12 in PBMCs, monocytes and dendritic cells in patients [57, 63] . Furthermore, in this study we observed higher mRNA expression of TLR8 and IFN-β in digestive and cardiodigestive patients when compared to indeterminate patients. Pathophysiologic alterations in the digestive system during Chagas disease result from the destruction of the enteric nervous system, mainly Auerbach's myenteric plexus. The inflammatory process around the neurons leads to degenerative phenomena, thereby reducing nervous cell numbers and leading to the development of megacolon and megaesophagus [64] [65] [66] .
Cardiac and cardiodigestive patients showed higher TLR2 mRNA expression than indeterminate and digestive patients. On the other hand, patients with different clinical manifestations of Chagas disease showed similar mRNA expression levels of TLR1, TLR3, TLR4, TLR5, TLR6, TLR7 and TLR9. Literature data has demonstrated that T. cruzi-infected individuals who have indeterminate clinical form of Chagas disease are heterozygous for the MAL/TIRAP S180L variant that leads to a decrease in signal transduction upon ligation of TLR2 or TLR4, probably leading to reduced inflammatory response in the heart [31,67]. Thus, low TLR2 and TLR4 signaling have been associated with a lower risk of developing CCC. TLR2 and TLR4 activations in dendritic cells and macrophages conducing Myd88 and TRIF signaling activate NF-kB and lead to the production of pro-inflammatory cytokines such as IL-6, IL12 and TNF-α [57] . CCC development has been correlated to immunological imbalance involving high IFN-γ and TNF-α production associated with low IL-10 and IL-17 secretion [11, [16] [17] [18] 49, 68] . In our study we also observed that cardiac patients showed higher mRNA expression of NLRP3, ASC, CASPASE-1, IL-1β, IL-12 and TNF-α than indeterminate patients. Furthermore, a negative correlation among TLR2, NLRP3, IL-1β and TNF-β mRNA expression with LVEF, and positive correlation of NLRP3 mRNA expression with CI was observed in chagasic Chagasic cardiomyopathy correlates with NLRP3, TLR2, IL-1β, IL-12 and TNF-α Chagasic cardiomyopathy correlates with NLRP3, TLR2, IL-1β, IL-12 and TNF-α patients. NLRP3 inflammasome and apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC) activates caspase-1 in experimental T. cruzi infection, and induce the production of active IL-1β and IL-18 [39]. Pro-inflammatory cytokines (IL-1β, IL-6 and TNF-β) regulate cell death of inflammatory tissues, modify vascular endothelial permeability, recruit blood cells to inflamed tissues, and induce the production of acute-phase proteins [69] . NLRP3 inflammasome is activated by prokaryotic RNA and different agents that trigger damage-associated molecular patterns (DAMPs) such as UVB irradiation [70] poreforming toxins [71] , urate crystals and silica [72] . Moreover, several host-derived molecules indicative of damage activate the NLRP3 inflammasome, including reactive oxygen species [73] , extracellular ATP adenosine [74] , uric acid [75, 76] and hyaluronan [77] which are released by injured cells. Thus, the NLRP3 activation mechanism observed during experimental T. cruzi infection [39] by an possible unknown parasite ligand may act together with DAMPs generated by injured cells [69] , thereby participating in the immunophysiological mechanisms involved in CCC development in chronic chagasic patients. Pro-inflammatory cytokines such as TNF-α, TNF-β, IL-1α, IL1β, IL-6, IFN-α, IFN-γ and IL-8 induce acute phase protein productions which can opsonize parasites, activate complements, recruit immune cells and induce enzymes which degrade the extra cellular matrix. Acute phase proteins such as Creactive protein, Serum amyloid A, Serum amyloid P component, Complement factors, Mannan-binding lectin, Fibrinogen, prothrombin, Plasminogen, Alpha 2-macroglobulin, Ferritin, Ceruloplasmin, Haptoglobin, Alpha 1-antitrypsin and α1-antichymotrypsin enhance the inflammatory process [78] . Increased levels of acute phase proteins are associated with increased risk for cardiovascular events in healthy individuals and coronary heart disease patients [79] . C-reactive protein levels are non-specific markers of systemic inflammatory processes, which reflect a vascular inflammation state and they are associated with cardiovascular damage [80] . High C-reactive protein levels have been described in non-chagasic cardiomyopathy [81] and also during CCC [82] [83] [84] [85] . Thus, NLRP3 and TLR2 recognize parasite antigens and molecules associated with cell damage, leading to an inflammatory process with cytokines and other inflammatory mediator production that might participate of CCC development. CCC development is initiated by the presence of the parasite causing cardiomyocyte destruction due to parasite multiplication and inflammation [86] . However, CCC development depends on the parasite's genetics [87] [88] [89] and the genetic background of the patients [67, [90] [91] [92] which can induce different cardiac tropism patterns by the parasite and influence the immune response [87, 93, 94] . CCC involves persistent myocarditis, development of conduction disturbances, dysautonomia, cardiomegaly, fibrosis, ventricular wall thinning, microvascular damage, increased platelet activity, microthrombi, myocytolysis, myocardial fibrosis and death [4, 95, 96] . Persistent myocarditis is responsible for progressive neuronal damage, microcirculatory alterations, heart matrix deformations and consequent organ failure [97] . In this context the important inflammatory process in the myocardium which is responsible for CCC development seems to also be maintained by the innate immunity receptor activation such as TLR2 and NLRP3, which induce the production of inflammatory cytokines (IL-1β, IL-12 and TNF-α), thus amplifying the described inflammatory mechanisms and involving elements of adaptive immunity components such as T CD4 and CD8 lymphocytes and antibodies [57] . Our findings suggest that a high TLR2 and NLRP3 expression in chagasic cardiac patients may induce an enhancement of IL-1β, IL-12, and TNF-α, thereby increasing cardiac inflammation and contributing to the heart dysfunction. One limitation of this study concerns on the widely clinical presentation of patients with CCC, according to the extent of myocardial damage and the relative small sample size. Untreated patients samples are very rare and difficult to obtain but are essential for the understanding of immunological mechanisms of Chagas disease pathophysiology. A better knowledge of the immune response involved in CCC development, the main factor correlated to death related to Chagas disease, may also contribute to reducing mortality and morbidity. The present study generated important data about the disease pathophysiology understanding, suggesting that distinct pattern recognition receptors may contribute differentially to the development of clinical forms of Chagas disease.
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